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Abstract
The International Crops Research Institute for the Semi-Arid Tropics (ICRISAT) genebank in
India holds the world’s largest collection of 21,594 pearl millet germplasm accessions including
18,447 landraces from 50 countries. West and Central Africa (WCA) region, which is considered
as the centre of diversity for pearl millet, is also an important pearl millet germplasm source for
resistance to biotic and abiotic stresses. A total of 7372 landraces were assembled from WCA
countries. Out of which, 6434 landraces have the georeference data. The geographic origins of
these landraces were analyzed using geographic information system tools to identify gaps in
the collection. Geographical distribution of existing collections, type of vegetation, land
cover and the high probability (.70%) for the occurrence of pearl millet estimated using
the FloraMap software in different countries show that 62 districts in 13 provinces of Nigeria,
50 districts in 16 provinces of Burkina Faso, 9 districts in 6 provinces each of Mali and
Mauritania, 8 districts in 8 provinces of Chad and 7 districts in 3 provinces of Ghana as the
major geographical gaps in the pearl millet collection at the ICRISAT genebank. In view of this,
we suggest that the final areas for exploration in these districts should be decided prior to the
launch of the collection missions in consultation with local government officials and extension
officers, who have the knowledge of pearl millet cultivation in the districts identified.
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Introduction
Pearl millet (Pennisetum glaucum (L.) R. Br.) is an import-
ant food and forage crop in Africa and Asia, and used as
forage in the Americas. It is a highly versatile crop with a
high potential to become a valuable component of non-
traditional agriculture. Interest in pearl millet is increasing
because it grows well in poor dry land and sandy soils with
few inputs, has high water use efficiency and can also be
grown in more than one season with low production
costs. The future importance of pearl millet is expected
to increase under various climate change scenarios (Lane
et al., 2007). It is currently mainly cultivated in Nigeria,
Niger, Burkina Faso, Togo, Ghana, Mali, Senegal, Central
African Republic, Cameroon, Sudan, Botswana, Namibia,
Zambia, Zimbabwe and South Africa in Africa; and in
India, Pakistan and Yemen in Asia.
Pearl millet is endowed with enormous genetic varia-
bility for various morphological, agronomic, food and
nutritional traits. A wide genetic base is the key to the* Corresponding author. E-mail: h.upadhyaya@cgiar.org
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success of any crop improvement programme. In order
to ensure the availability of large genetic variation to
the crop improvement programmes, there is a need
for collection, conservation, characterization, evaluation,
documentation and distribution of plant genetic
resources. Critical assessment of existing collections,
identifying geographical gaps and launching germplasm
collection missions in the unexplored and underexplored
areas are important to enlarge the variability and achieve
the completeness of collection.
The genebank at the International Crops Research
Institute for the Semi-Arid Tropics (ICRISAT), India,
holds the world’s largest collection of 21,594 pearl millet
germplasm accessions from 50 countries. Although the
collection is impressive, exploration of pearl millet germ-
plasm cannot be considered as complete. Being the
primary centre of origin and domestication for pearl
millet, West and Central Africa (WCA) could be the predo-
minant source for highly diverse and adaptablepearlmillet,
which can be promising against biotic and abiotic stresses
(Harlan, 1971; Harlan et al., 1975; Brunken et al., 1977).
Landraces, particularly the Iniadi, a prominent land-
race mainly distributed in WCA countries such as
Benin, Burkina Faso, Ghana and Togo, have remarkably
contributed to the genetic improvement of pearl millet
worldwide (Andrews and Anand Kumar, 1996). Most of
the varieties bred at ICRISAT, India, are based on the
Iniadi landrace germplasm. Preliminary screening of
about 4900 pearl millet germplasm accessions at ICRISAT,
India, revealed high frequencies of accessions from Mali
(63.0%), Niger (58.3%), Senegal (47.0%), Chad (43.8%),
and Ghana (39.3%) as promising sources for downy
mildew resistance. The genetic variability accumulated
in the WCA region over centuries is at risk, mainly due
to the introduction of improved varieties, climate
change, concomitant natural catastrophes (droughts,
floods, fire hazards etc), human settlements, overgrazing,
destruction of plant habitats for irrigation projects etc
(Upadhyaya and Gowda, in press). Although the pearl
millet collection at ICRISAT genebank is fairly rep-
resented from all countries of WCA, there is a need to
look for geographical gaps in the collection and assess
the completeness of pearl millet germplasm collection.
In the present study, the geographical distribution of
existing pearl millet germplasm assembled from WCA at
the ICRISAT genebank, India, was examined, and the
geographical gaps were identified for possible explora-
tion before potentially valuable material is lost forever.
Materials and methods
Being the world repository for the pearl millet germ-
plasm, ICRISAT had made concerted efforts to introduce
the pearl millet germplasm that was already assembled at
different national and international institutes, universities
and National Agricultural Research Systems (NARS) in
different countries. A total of 65 organizations located
in different countries contributed 10,764 accessions
including those contributed by different disciplines at
ICRISAT over years. ICRISAT and its partners planned
for systematic collection of pearl millet germplasm in
different countries and launched collection missions as
per the priority areas identified in collaboration with
the All India Coordinated Pearl Millet Improvement
Project, National Bureau of Plant Genetic Resources and
Agricultural Universities in India, and in collaboration
mostly with International Board for Plant Genetic
Resources [IBPGR, now Bioversity International (BI)],
NARS, networks and universities in several other
countries. So far, ICRISAT launched a total of 212 collec-
tion missions for all its mandate crops including pearl
millet and collected 10,830 pearl millet germplasm acces-
sions during 76 collection missions in 28 countries. The
collection includes 18,447 landraces, 2268 breeding
materials, 129 advanced cultivars and 750 accessions of
wild relatives (Upadhyaya et al., 2007). A total of 8054
accessions including 7372 landraces are from WCA
countries including Benin, Burkina Faso, Central African
Republic, Cameroon, Chad, Ghana, Gambia, Mali,
Mauritania, Niger, Nigeria, Senegal, Sierra Leone and Togo.
The present study initially considered 7372 pearl
millet landraces assembled at ICRISAT genebank from
all WCA countries. Passport data, particularly for
information on precise location of collecting site and
corresponding geographic coordinates, were updated by
going through all related old records, collection reports
and catalogues. Using Microsoft Encartaw, an electronic
atlas (MS Encartaw Interactive World Atlas, 2000),
geographic coordinates were retrieved to fill the gaps for
accessions having location information and the accuracy
of coordinates was checked by plotting all accessions on
political maps of each country. The final dataset consisted
of 6434 accessions having the geographic coordinates’
data. Complete passport data for these accessions are
available at ICRISAT genebank, Patancheru, India.
FloraMap, a geographic information system (GIS)
tool developed at Centro Internacional de Agricultura
Tropical (CIAT), Columbia (Jones and Gladkov, 1999),
was used to analyze the passport data and identify geo-
graphical gaps in the landrace germplasm collection
from WCA countries. The basic input in the FloraMap
software was the geographic coordinates (latitude and
longitude) of the sampling site with a unique identifier
(accession number). The FloraMap system is based on
calculating the probability that a climate record belongs
to a multivariate normal distribution described by the
climates at the collection points of a calibration set of
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organisms. With user-friendly software linked to agro-
climatic and other databases, biodiversity specialists can
create maps showing the most likely distribution of any
particular species in nature. FloraMap assigns climate
data (monthly rainfall, minimum and maximum tempera-
ture and diurnal range in temperature) to each of the
collection sites from the database provided along with
the tool. Principal component analysis is used to reduce
the dimensionality of this 36 dimensional dataset (set of
12 of the 3 variables) for each collection site and selects
first few components that contribute to the maximum
variation of the climatic characteristics. Also these few
components are uncorrelated or orthogonal. Weights
could be allocated to each of the three variables depend-
ing on the climate of the country/region. A probability
density function is calculated on these few uncorrelated
variables to find out the probability of finding a location
for the population. While working on the passport data-
set of pearl millet germplasm from WCA countries, equal
weights were allocated to the three climatic variables
(monthly rainfall, minimum and maximum temperature
and diurnal range in temperature) and an exponential
transformation with a power of 0.3–0.5 depending on
the country was applied to the monthly rainfall data.
More than 95% of variation was explained by first
four to seven principal components depending upon
the country. The probability maps were generated for
each country separately and the probabilities greater
than 70% were considered for interpretation and rec-
ommendation for collection missions. While estimating
the probability of pearl millet occurrence, multiple acces-
sions with same coordinates were treated as a single
collection site. Land cover map of Africa developed by
United States Geological Survey (USGS) was used to
know the type of vegetation and land cover in the
areas of high probability (USGS EROS Center, 2005).
Collection sites or sampled sites were overlaid on the
probability image, and the districts with high-probability
(.70%) areas, which were unexplored or underex-
plored, have been identified as the major geographical
gaps in the collection. All the districts identified in differ-
ent countries were shown (shaded area) along with the
collection sites of already collected accessions in the
WCA map. Land cover and vegetation maps of Food
and Agricultural Organization were considered while
finalizing the districts for exploration in each country.
Results
The summary of pearl millet germplasm assembled from
WCA countries (Table 1) indicated that ICRISAT and its
partners had launched 12 germplasm collection missions
in 10 WCA countries and collected a total of 2757
samples. The major collections included 1138 landraces
in Nigeria during two collection missions launched in
1983 and 1992, followed by 750 accessions in Cameroon,
375 in Togo and 278 in Ghana. All landraces from Benin,
Burkina Faso, Mauritania and Senegal were introductions
in the ICRISAT genebank. A total of 4615 accessions
originated in WCA countries were acquired from
12 organizations located in eight countries including
ICRISAT subcentres in WCA countries and those in
non-WCA countries. The Institut Franc¸ais de Recherche
Table 1. Summary of pearl millet landrace germplasm assembled at ICRISAT genebank, Patancheru, India from West and
Central Africa
Country
Collection
mission
code Year
No. of accessions
collected
No. of accessions
introduced Total
No. of accessions
with georeference
data
No. of
geographical
sites
Benin – – – 46 46 46 27
Burkina Faso – – – 859 859 512 272
Cameroon 104 1983 23 159 909 909 239
128 1985 727
Central African
Republic
167 1988 79 63 142 142 60
Chad 154 1988 17 76 93 93 76
Gambia 75 1980 15 – 15 15 11
Ghana 83 1981 278 – 278 278 42
Mali 174 1989 45 995 1040 1040 949
Mauritania – – – 5 5 4 4
Niger 170 1989 1 999 1000 970 342
Nigeria 100 1983 463 892 2030 1537 443
199 1992 675
Senegal – – – 376 376 339 200
Sierra Leone 105 1983 59 – 59 59 21
Togo 170 1989 375 145 520 490 120
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Scientifique pour le De´veloppement en Coope´ration
(ORSTOM, meanwhile called ‘Institut de Recherche
pour le De´veloppement’ (IRD), Paris, France, was the
major donor (1988 accessions) of pearl millet landraces
collected in Niger (576), Mali (431), Burkina Faso (308),
Senegal (289), Cameroon (159), Togo (116), Central Afri-
can Republic (63) and Benin (46). The IBPGR (now
called BI), Rome, Italy, donated 667 accessions collected
in Burkina Faso (492), Nigeria (128), Togo (29), Chad
(14) and Mauritania (4). The Rockefeller Foundation,
New Delhi, India, donated 487 accessions collected in
Burkina Faso (22), Nigeria (263), Chad (62), Mali (52),
Niger (45), Senegal (42) and Mauritania (1). Institut
d’Economie Rurale (IER), Bamako, Mali collected in Mali
(492); Ahmadu Bello University, Institute of Agricultural
Research, Samaru collected in Nigeria (227); Centre
National De Recherches Agronomiques, Bambey, Senegal
collected in Senegal (58); United States Department of
Agriculture and Southern Regional Plant Introduction
Station, Griffin, Georgia, USA collected in Nigeria (120);
and the Institute Nigerien Du Recherche Agronomique
du Niger, Maradi, Niger collected in Niger (135) also
donated their pearl millet collections to ICRISAT
genebank. Subcentres of ICRISAT located at Bamako,
Mali; Niamey, Niger; and Ouagadougou, Burkina Faso,
also launched germplasm collection missions and
collected in Mali (20); Niger (242) and Nigeria (154);
and Burkina Faso (37), respectively, and handed over
the material to ICRISAT genebank at Patancheru, India.
A total of 6434 accessions had the information on geo-
graphic coordinates. All accessions from 8 out of
14 countries had the co-ordinates data. Accessions
having georeference data represent a total of 2806 geo-
graphical sites of germplasm collection. As the FloraMap
treated multiple accessions having same coordinates as a
single collection site, the number of actual geographical
sites with an area of 18 £ 18 km2 in the present study is
less than the number of sampled sites. The collection
from Mali recorded a maximum of 949 geographical
sites out of 1040 sampling sites. Most of the accessions
from Mali were the collections by the former ORSTOM,
France; Rockefeller Foundation, India; and IER, Mali.
Geographical distribution of existing collections indicated
that almost all provinces having pearl millet cultivation,
except Houet in Burkina Faso; Assaba, Brakna, Gorgol
and Tagant in Mauritania; Gossas in Senegal; and
Southern province in Sierra Leone, were explored
and at least one sample was collected (Fig. 1; Table 2).
Fig. 1. Map showing geographical gaps (districts shaded) in the pearl millet germplasm from WCA countries and collection
sites (dots) of germplasm presently conserved at the ICRISAT genebank, Patancheru, India.
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However, the high-probability area (.70%) identified in
different countries shows 62 districts of 13 provinces
in Nigeria; 50 districts of 16 provinces in Burkina Faso;
9 districts of 6 provinces each of Mali and Mauritania;
and 8 districts of 8 provinces in Chad as the major geo-
graphical gaps in the pearl millet collection at ICRISAT
genebank, Patancheru, India (Fig. 1; Table 3). Seven
districts in three provinces of Ghana that had shown
high probability need exploration. Aftout (Barkewol) in
Assaba province; Aleg and Magta-Lahjar districts in
Brakna province; M’Bout district in Gorgol province
and Moudjeria district in Tagant province of Mauritania;
and Karankasso-Vigue district in Houet province of
Burkina Faso were not explored in the past.
Discussion
Identification of geographical gaps using available
passport information is essential to enlarge the existing
collections in genebanks. Most of the older germplasm
collections across the genebanks do not have complete
passport information, particularly, the latitude and longi-
tude of the colleting sites posing a problem in assessing
the completeness of germplasm collections. Availability
of georeference data helps in identifying the geographi-
cal gaps and enables the retrieval of the climate data
for collecting sites, which is crucial in predicting the
likely occurrence of a particular species in similar
environment. Therefore, recording of latitude and
longitude of collecting site is very important while
collecting the germplasm.
Land cover and vegetation maps are also important in
determining regions of crop cultivation and planning
germplasm collection missions. Geographical distribution
of past pearl millet collections in different countries indi-
cated that the land covers like shrubland, irrigated crops,
savannas, Sudanian woodlands, deforested savannas with
crops, degraded forests’ croplands, Acacia shrublands,
grassland woodlands, savanna croplands and croplands
with orchards are also the areas of pearl millet cultivation
(USGS EROS Center, 2005). Therefore, based on the
probability, land cover and type of vegetation, we can
presume that the districts identified in the present study
as the potential areas for exploration. The land cover
in the provinces already explored in Mauritania is
sparsely vegetated grassland, Sahel shrubs and shrub-
land. The land cover in the Karankasso-Vigue district of
Burkina Faso is shrubland, irrigated crops and tree
crops, indicating the possibility of pearl millet cultivation
Table 2. Country wise provinces explored for pearl millet germplasm assembled at ICRISAT genebank, Patancheru, India
Country Provinces explored
Benin Atakora, Borgou, Mono
Burkina Faso Bam, Bazega, Bougouriba, Boulgou, Boulkiemde, Comoe, Ganzourgou, Gnagna,
Gourma, Houet, Kadiogo, Kenedougou, Kossi, Kouritenga, Mouhoun, Nahouri,
Namentenga, Oubritenga, Oudalan, Passore, Poni, Sanguie, Sanmatenga, Seno,
Sissili, Soum, Sourou, Tapoa, Yatenga, Zoundweogo
Cameroon Province de Adamaoua, Province du Centre, Province de l’Est, Province de
l’Extreˆme-Nord, Province du Nord, Province du Sud-Ouest
Central African Republic Bamingui-Bangoran, Ke´mo, Nana-Gribingui, Ouham, Ouham-Pende´, Vakaga
Chad Batha, Biltine, Borkou-Ennedi-Tibesti, Chari-Baguirmi, Guera, Kanem, Lake, Logone
Occidental, Logone Oriental, Mayo-Kebbi, Moyen-Chari, Ouaddai, Salamat, Tandjile
Gambia Maccarthy Island, North Bank, Upper River, Western
Ghana Northern, Upper East, Upper West
Mali Ansongo, Bafoulabe, Banamba, Bandiagara, Bankass, Baraoueli, Bla, Bougouni,
Diema, Dioila, Dire, Djenne, Douentza, Gao, Goundam, Gourma-Rharous,
Kadiolo, Kangaba, Kati, Kayes, Kenieba, Kita, Kolokani, Kolondieba, Koro,
Koulikoro, Koutiala, Macina, Menaka, Mopti, Nara, Niafunke, Niono, Nioro, San,
Segou, Sikasso, Sokoto, Tenenkou, Tombouctou, Tominian, Yanfolila, Yelimane,
Yorosso, Youvarou
Mauritania Guidimaka, Hodh el Gharbi, Hodh ech Chargui
Niger Agadez, Diffa, Dossa, Maradi, Tahoua, Tillabery, Zinder
Nigeria Adamwara, Bauchi, Benue, Borno, Cross River, Edo, FCT, Jigwa, Kaduna, Kano,
Katsina, Kebbi, Kogi, Kwara, Niger, Ogun, Osun, Oyo, Plateau, Rivers, Sokoto,
Taraba, Yobe
Senegal Bakel, Bambey, Bignona, Dagana, Dakar, Fatick, Foundiougne, Kaffrine, Kaolack,
Kedougou, Kolda, Linguere, Louga, Matam, Mbacke, Mbour, Nioro du Rip,
Podor, Sedhiou, Tambacounda, Tivaouane, Upper River, Velingara
Sierra Leone Eastern, Northern, Southern, Western
Togo Centre, Kara, Northern, Plateaux, Savanes, Upper East
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in the unexplored districts. Interestingly, no geographical
gaps were found in the collection from Togo, where
the Iniadi landrace is predominant, indicating extensive
collection of pearl millet germplasm in this country
(Fig. 1; Table 3). Some of the districts identified in the
present study were explored partly in the past and a
few samples were collected. ICRISAT and partners had
launched all its germplasm collection missions prior to
1993, and hence it is likely that new landraces might
have evolved and adapted in the underexplored areas.
Therefore, recollection in these underexplored areas
cannot be considered as duplicate collection.
It is essential to know the potential distribution and
climatic adaptation of pearl millet in order to identify
geographical gaps in the germplasm collections and to
augment the existing collections by collecting germplasm
before the valuable material may be lost forever. Consid-
ering the importance of assessing completeness of
germplasm collections, it is recommended that the germ-
plasm collectors should record the georeference data
(latitude, longitude and altitude) of all collecting sites
while sampling the germplasm. Using the georeference
data, we can retrieve the information on environmental
conditions of the collection sites, which is normally
associated with the patterns of genetic variability (Marilia
et al., 2003). This additional information is very useful
in ecogeographic stratification of landraces and their
utilization in crop improvement. GIS tools provide
more precise cartographic representation of the ecogeo-
graphic regions and of the germplasm-collecting sites
(Marilia et al., 2003). Although the gaps identified using
FloraMap in the present study provide valuable infor-
mation, it is suggested that the final area for exploration
should be decided prior to the launch of the collection
mission in consultation with local government officials,
NARS scientists, extension officers and non-governmental
organizations, who will have the knowledge about the
extent of pearl millet cultivation in the districts. It is
also suggested that the exploration team leader should
review all reports and publications of past collections in
Table 3. Geographical gaps (districts) identified for exploration to collect pearl millet germplasm in West and Central Africa
Country Districtsa
Benin Banikoara, Bembereke, Gogounou, Kalale, Karimama, Malanville (Borgou)
Burkina Faso Founzan, Koti (Bougouriba); Boudry, Kogho, Mogtedo, Zam (Ganzourgou); Bogande,
Liptougou, Piela, Thion (Gnagna); Gayerie (Gourma); Karankasso-Vigue (Houet);
Absouya (Oubritenga); Arbole, Bagare, Bokin, Kirsi, La-Todin, Samba (Passore); Gniaro,
Ziou (Nahouri); Bouroum, Yalgo, Zeguedeguin (Namentenga); Dassa, Godyr (Sanguie);
Barsalogho, Pensa (Sanmatenga); Boura, Fara, Niabouri, Silly (Sissili); Gossina,
Lankoue, Toma, Ye (Sourou); Diapaga, Logobou, Partiaga, Tambaga (Tapoa); Boussou,
Kain, Koumbri, Tangaye, Titao, Zogore (Yatenga); Bere, Gogo, Guiba, Nobere (Zoundweogo)
Cameroon S. Logone Et-Chari (Province de l’Extreˆme-Nord); Benoue, Mayo-Louti (Province du Nord)
Central African Republic Bamingui, Ndele (Bamingui-Bangoran); Kaga-Bandoro (Nana-Gribingui); Batangafo,
Kabo (Ouham)
Chad Djedaa (Batha); Massakory (Chari Baguirmi); Mangalme (Guera); Nokou (Kanem);
Doba (Logone Oriental); Kyabe (Moyen-Chari); Abou Deia (Salamat); Lai (Tandjile)
Gambia Fulladu East, Wuli (Upper river)
Ghana Nalerigu, Walewale (Northern); Bolgatanga–Tongo, Bongo–Nabdam, Sandemen
(Upper East); Nadawli-Funsi, Tumu (Upper West)
Mali Garganda, Raz El Ma, Tilemsi-Lenere (Goundam); Lakamana (Diema); Siby (Kati);
Koussane (Kayes); Sebekoro, Sefeto (Kita); Dialloube (Mopti)
Mauritania Aftout-Barkewol (Assaba); Aleg, Magta-Lahjar (Brakna); M’Bout (Gorgol); Ould Yenge,
Selibaby (Guidimaka); Kobenni, Tintane (Hodh el Gharbi); Moudjeria (Tagant)
Niger Loga (Dosso); Dakoro (Maradi); Illela, Tchin-Tabaraden (Tahoua); Ouallam (Tillaberry);
Tanout (Zinder)
Nigeria Fufore, Jada (Adamwara); Akko, Alkaleri, Bauchi, Billiri, Dass, Dukku, Gomawo, Gamjuwa,
Jama’are, Itas-Gad, Katagum, Ningi, Kaltungo, Shira (Bauchi); Ngala (Borno); Abuja (FCT);
Babura, Dutse, Garki, Kiyawa, Ringim (Jigawa); Birnin-G, Chikun, Kachia, Kauru (Kaduna);
Albasu, Bagwoi, Bunkure, Dawakink, Gabasawa, Gaya, Karaye, Runo, Shanono, Sumaila,
Takai, Tudun Wada, Wudil (Kano); Musawa, Safana (Katsina); Gurara, Paikoro, Rafi,
Shiroro, Wushishi (Niger); Kanam, Keffi, Wase (Plateau); Anka, Bakura, Dange-Sh,
Goronyo, Gummy, Maradun, Rabah, SabonBir, Wurno (Sokoto); Karim-La, Lau (Taraba);
Bade (Yobe)
Senegal Kahone (Gossas); Birkelane (Kaffrine); Wack Ngouna (Nioro du Rip); Missirah (Tambacounda)
Sierra Leone Bo, Moyamba (Southern); Port Loko, Tonkolili (Northern)
Togo No gaps
aNames in the parenthesis are provinces.
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these countries to prepare collection plans for districts
(gaps) identified in the present study. As ICRISAT had
not launched any collection mission in the past exclu-
sively for wild relatives, germplasm collection plans for
the identified gaps should target both cultivated as well
as wild relatives’ germplasm of pearl millet.
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